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ABSTRACT
Despite the potential for many possible secondary-
structure conformations, the native sequence of
ribosomal RNA (rRNA) is able to find the correct and
universally conserved core fold. This study reports a
computational analysis investigating two mechan-
isms that appear to constrain rRNA secondary-
structure conformational space: ribosomal proteins
and rRNA sequence composition. The analysis was
carried out by using rRNA–ribosomal protein inter-
action data for the Escherichia coli 16S rRNA and
free energy minimization software for secondary-
structure prediction. The results indicate that selec-
tion pressures on rRNA sequence composition
and ribosomal protein–rRNA interaction play a key
role in constraining the rRNA secondary structure
to a single stable form.
INTRODUCTION
The ribosome is a large molecular complex that catalyzes
protein synthesis in all living organisms. Its basic structure,
which consists of RNAs and proteins, is extremely conserved
across the three phylogenetic domains and even more con-
served within each phylodomain. Its universality and conser-
vation, along with its fundamental role in biological processes,
make the ribosome one of the most interesting and challenging
complexes to study.
Comparative analyses (1,2) have established consensus
predicted secondary structures for rRNA from a variety of
organisms among the Bacteria, Archaea and Eukarya, and
experimental data from crystallographic studies have estab-
lished the tertiary structures of both large and small proka-
ryotic ribosomal subunits (3–6). Given the length of the rRNA
and the potential for nucleotides to form alternative base pairs,
there are numerous equally stable secondary structural folds
associated with each rRNA sequence that contain nearly equal
numbers of paired bases. Remarkably, even though from a
kinetic point of view the rRNA could be trapped in one of
many conformations, the rRNA ﬁnds the correct (and univer-
sally conserved) core fold among all the possible alternatives.
Various factors might contribute to this: the primary sequence,
the binding of ribosomal proteins (both as ‘guides’ and
‘stabilizers’), the action of RNA chaperone proteins (7–10)
and possibly the ion concentration in the cell (11).
Previous work suggested a time-dependent hierarchical
order to rRNA folding, although there is some evidence
suggesting that this might not always be the case (12–15).
The binding of ribosomal proteins adds stability to the
RNA secondary structures and restricts the space of stable
structural conformations (16). There is some evidence that
initiation of RNA tertiary contacts might even precede the
formation of the complete secondary structure (15). Moreover,
the addition of magnesium ions might lead to the formation of
stable intermediates progressing to a stable tertiary conforma-
tion with increasing magnesium ion concentration (11).
This study reports the computational analysis of potential
constraints on the formation of secondary structures that are
alternate or competing to the native 16S rRNA structure. The
results indicate that selection pressures on rRNA sequence and
rRNA–ribosomal proteins interactions play a key role in
constraining the secondary structure to a single core fold.
METHODS
The free energy minimization software for secondary-
structure prediction mfold (17,18), along with ribosomal
protein–rRNA contact data from the crystal structure of the
30S subunit (3) were employed to investigate the role of ribo-
somal proteins and the rRNA sequence in constraining the
rRNA secondary structure to a single fold. The minimum
energy secondary structure of the 16S rRNA sequence of
Escherichia coli was predicted under various bound-protein
constraints and with a range of base-pair substitutions. To
comply with mfold limitations, bound-protein constraints for-
cing non-canonical base pairs (U:U, A:G, G:G, A:C, A:A) or
associated with pseudoknots were not considered. A window
size of 20, temperature parameter corresponding to 37 C, free
energy increment of 5%, and other mfold parameters set to
default values were used in the simulations. The secondary
structures obtained were compared with the native 16S rRNA
secondary structure of E.coli, as established by comparative
analyses (1,2). The predicted folds were scored by the per-
centageofbasepairspredictedasinthenative structureaswell
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as in the native structure.
In order to assess the role and the contribution of the
ribosomal proteins in the achievement of the correct rRNA
folding, topological constraints representing the physical con-
straints imposed by the binding of ribosomal proteins were
implemented. A detailed map of the protein–rRNA interac-
tions in the 30S subunit of the bacterial ribosome is described
in Brodersen et al. (3). Data for ribosomal protein S21 was
obtained from Fink et al. (19). In each case where a protein
was reported to make contact with the RNA backbone and/or a
base, the protein was assumed to impose a constraint on that
particular residue. More speciﬁcally, if the residue was part of
a base pair, the protein was assumed to force that base pair in
the fold, whereas if the residue was part of a loop or bulge, the
protein was assumed to restrain that residue from pairing.
Simulations were run independently for constraints imposed
by each ribosomal protein and for constraints imposed by
ribosomal proteins belonging to the same binding pathway,
as determined by in vitro reconstitution studies (20).
Random protein constraints were generated as controls.
Differentnumbersofbases with potentialforcanonicalpairing
were forced to pair simultaneously to emulate the effect of
binding of random control proteins, without necessarily invol-
ving or avoiding base pairs found in the native rRNA second-
arystructure.Inaddition,hypotheticalproteinconstraints were
created by forcing pairing between some bases that are known
to pair in the native rRNA structure but are not constrained by
ribosomal proteins.
In order to investigate the role of nucleotide sequence com-
position, the 16S rRNA sequence of E.coli was modiﬁed by
applying a range of random base-pair substitutions in which
the native canonical base pairs were replaced by alternate
canonical base pairs. In this way, the sequence composition
was changed but the potential to form native secondary struc-
tures was maintained. The randomization in the base-pair sub-
stitutions was achieved on two levels: (i) the base-pair position
was chosen randomly; (ii) the type of canonical substitution
was chosen randomly with uniform distribution. However, the
base-pair substitutions were made so as to guarantee changes
in the targeted bases. Totally random sequences were also
generated, both with and without preserving the background
frequency of the nucleotides in the native sequence.
Given that G:C-tetraloop-closing base pairs are considered
key to helix stability (21), the following substitutions were
implemented to evaluate their importance: (i) all G:C base
pairs that close tetraloops were modiﬁed into other canonical
base pairs with equal probability; (ii) all G:C base pairs that
close tetraloops were modiﬁed into non-canonical base pairs;
and (iii) base pairs that were not G:C and were not closing
tetraloops were modiﬁed to the same extent as the G:C closing
base pairs present in the native structure.
RESULTS
Protein constraints
In the absence of any constraints, mfold reported a total of
27 secondary structures within 5% of the minimum energy.
Applying the constraints imposed by the binding of the ribo-
somal proteins led to a signiﬁcant reduction in the number of
possible folds (Figure 1), corroborating the hypothesis that
ribosomal proteins play a critical role in enabling the attain-
ment of the correct secondary structure by the rRNA (16). In
particular, proteins S4, S7, S5 and S12 resulted in the most
dramatic decrease in the number of alternative folds. Weak
correlation (r < 0.6) was found between the number of con-
straintsimposedbya givenprotein andthe resulting numberof
folds associated with it. This rules out the possibility that the
reduction in the variability of rRNA secondary-structure con-
formational space is solely due to the fact that some bases are
constrained by the protein, either by being forced to pair or by
being prevented from pairing. In other words, simply increas-
ing the number of constraints does not necessarily result in a
decrease in conformational variability.
When the constraints imposed by ribosomal proteins
belonging to the same binding pathway (3,20,22) were applied
(Figure 2), a trend towards decreased variability was observed
(Table 1). By themselves, the early and intermediate binding
proteins result in signiﬁcant reduction in the number of folds
and in increased accuracy. The late binding proteins by them-
selves do nothave as signiﬁcant an impact. When the early and
intermediate proteins are combined, the accuracy is not much
greater than when they are considered separately. When the
late binding proteins are considered with the early and inter-
mediate binding proteins, it is clear that their role is to incre-
mentally increase the accuracy of the predicted structures, as
well as to reduce the conformational variability, ultimately
resulting in a single fold.
When the random and hypothetical protein constraints were
applied to the 16S rRNA, no characteristic trend in the number
of folds was observed. In several cases, although the con-
straints satisﬁed mfold requirements and involved segments
with clear potential for helical structure, no stable fold could
be found. In some cases, the number of obtained folds was
Figure 1. Number of folds within 5% of the minimum free energy fold pre-
dicted when individual protein constraints were applied. In each case where a
proteinwasreportedtomakecontactwithanrRNAresiduethatispartofabase
pair in the native structure, the protein was assumed to force that particular
residueto pair.If a proteinmakescontactwithanrRNAresiduethatis partofa
loop or bulge in the native structure, the protein was assumed to prevent that
residue from pairing.
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obtained with comparable number of constraints from real
ribosomal proteins. In general, we did not observe any speciﬁc
trend in the data that would suggest that simply forcing bases
to pair necessarily results in reduction of the secondary-
structure conformational space of rRNA.
Sequences with base-pair substitutions
The analysis of the sequences with base-pair substitutions
indicates that rRNA sequence composition has a strong inﬂu-
ence in reducing the number of possible alternate secondary
structures. In fact, even though the base-pair substitutions
allowed the preservation of the native secondary structure,
a statistically signiﬁcant decrease (p < 0.05) in the number
of base pairs and helices correctly predicted was observed,
as the percentage of such canonical substitutions increased
(Figure 3). This suggests that alternate structures can form
when the primary sequence content is changed, even if the
native secondary-structure elements can be preserved.
G:C-tetraloop-closing base pairs
Substitutions of G:C-tetraloop-closing base pairs by other
canonical base pairs resulted in a decrease in the number of
correctly predicted base pairs (Figure 4). Furthermore, as
expected, substitutions of G:C-tetraloop-closing base pairs by
non-canonical base pairs produced additional degradation—in
some cases, no native base-pair matches were found. This
decrease in the prediction accuracy cannot be attributed solely
to changes in the native sequence, given that sequences with
same number of substitutions to other canonical base pairs at
random positions (rand 3%) or at positions corresponding to
non-closing-G:C pairs (non closing GC) have a negligible
effectonthe numberofcorrectpredictedbase pairsandhelices
(Figure 4).
DISCUSSION
Protein constraints
Among all the ribosomal proteins of the small subunit, S4, S7,
S5 and S12 appear to have the greatest potential impact
on reducing the number of possible folds. S4, S12 and S5
bind to the functional center and constrain critical base-
pairing in the central region (3), thereby partition the 16S
rRNAinto its primary domains (central, 30 major, 30 minor, 50).
S5 and S7 bind to the head region (30 major domain) of the
rRNA, which presents signiﬁcant conformational variability.
From the analysis of native, hypothetical and random pro-
tein constraints in terms of their ability to restrict the con-
formational space of the 16S rRNA, we can conclude that even
though the ribosomal protein constraints might not represent
the most efﬁcient combination of constraints, they certainly
are optimal and contribute to limiting the number of possible
alternate secondary structures associated with the rRNA. The
hypothetical and random constraints do not comply with
three-dimensional limitations, fold-stability requirements,
nor do they conform to other important aspects of protein
functions (e.g. protein–protein interactions, binding speciﬁcity
or extra-ribosomal activity). Consequently, it is entirely pos-
sible that some of these random and/or hypothetical con-
straints turned out, by chance, to be more effective than the
ribosomal proteins in reducing the number of rRNA folds. On
the other hand, ribosomal proteins are part of a very complex
molecular machinery and are likely to have evolved to the
present state by responding to several different selective
pressures.
As part of their respective binding pathways, the bound
ribosomal proteins dramatically reduce the rRNA secondary-
structure conformational space (from 27 folds to 1 and from
48.44% correct base pairs to 81.13%). As seen in Table 1,
early and intermediate binding proteins have the greatest
impact in terms of reducing the number of folds (from 27
folds to 3 and 2), corresponding to a >89% decrease. On the
other hand, the late binding proteins appear to improve the
quality of the predicted secondary structure incrementally
(from 77.25 to 81.13% correctly predicted base pairs).
Sequences with base-pair substitutions
Regardless of the percentage of canonical base-pair substitu-
tions, the number of base pairs predicted remains approxim-
ately the same (Figure 5). This is not very surprising given
that the potential for forming all native secondary-structure
elements remains, being that the substitutions are canonical. In
the completely random sequences, the potential for helical
structure is not preserved, but the total number of predicted
base pairs is again not very different.
If the base pairs in the native sequence are substituted by
other canonical base pairs, the number of stable alternate sec-
ondary structures remains approximately the same (Figure 6);
therefore, the average number of stable folds does not depend
on the percentage of base-pair substitutions. However, if bases
not involved in native base-pairing are randomly substituted
by other bases, the number of potential folds drastically
increases (up to 54 folds) even though the average number
of predicted total base pairs is approximately the same
(Figure 5) and the nucleotide composition is the same.
Figure 2. E.coli 16S ribosomal protein binding pathways determined from
earlier in vitro studies (3,20). Arrows indicate ordered binding. Proteins are
grouped together in terms of their temporal binding sequence as early, inter-
mediate and late binders.
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Protein binding pathway Num
Folds
% Correct
bps Avg
% Correct
bps Max
% Correct
bps Min
% Correct
Full
Helices
Avg
% Correct
All
Helices
Avg
% Correct
All
Helices
Max
% Correct
All
Helices
Min
Min
Energy
(kcal/mol)
Pathway S8_S5_S3_S2:
S8 24 49.35 67.30 41.72 30.60 46.51 64.52 38.71  604.8
S8_S5 12 64.66 70.23 60.17 37.46 62.63 67.74 58.06  593.4
S8_S5_S3 11 63.26 68.76 58.70 36.56 61.78 66.67 56.99  579.9
S8_S5_S3_S2 11 63.46 68.97 58.91 37.63 61.78 66.67 56.99  579.1
Pathway S8_S4_S20_S7_S9_S19_S14:
S8 24 49.35 67.30 41.72 30.60 46.51 64.52 38.71  604.8
S8_S4 9 60.17 70.23 49.69 37.04 56.51 66.67 47.31  598.7
S8_S4_S20 8 66.59 75.05 60.17 41.67 63.17 72.04 56.99  590.8
S8_S4_S20_S7 4 70.02 76.52 62.05 41.94 66.40 73.12 58.06  579.9
S8_S4_S20_S7_S9 3 71.42 75.26 67.51 40.86 67.03 70.97 62.37  573.9
S8_S4_S20_S7_S9_S19 3 71.42 76.52 68.76 43.01 67.03 70.97 62.37  573.2
S8_S4_S20_S7_S9_S19_S14 2 75.05 75.26 71.49 42.47 72.58 74.19 70.97  564.9
Pathway S8_S4_S20_S17_S16_S5_S12:
S8 24 49.35 67.30 41.72 30.60 46.51 64.52 38.71  604.8
S8_S4 9 60.17 70.23 49.69 37.04 56.51 66.67 47.31  598.7
S8_S4_S20 8 66.59 75.05 63.17 41.67 63.17 72.04 56.99  590.8
S8_S4_S20_S17 7 67.09 75.05 60.17 41.78 63.75 72.04 56.99  590.8
S8_S4_S20_S17_S16 7 66.76 75.05 58.28 41.94 63.59 72.04 55.91  590.8
S8_S4_S20_S17_S16_S5 2 76.42 76.94 75.89 45.70 74.73 75.27 74.19  580.7
S8_S4_S20_S17_S16_S5_S12 1 80.71 80.71 80.71 46.24 78.49 78.49 78.49  567.7
Pathway S8_S4_S20_S17_S7_S15_S16_S13_S18_S9_S6:
S8 24 49.35 67.30 41.72 30.60 46.51 64.52 38.71  604.8
S8_S4 9 60.17 70.23 49.69 37.04 56.51 66.67 47.31  598.7
S8_S4_S20 8 66.59 75.05 63.17 41.67 63.17 72.04 56.99  590.8
S8_S4_S20_S17 7 67.09 75.05 60.17 41.78 63.75 72.04 56.99  590.8
S8_S4_S20_S17_S7_S15 3 72.26 77.15 66.46 42.29 68.46 74.19 62.37  571.6
S8_S4_S20_S17_S7_S15_S16 3 72.26 77.15 66.46 42.29 68.46 74.19 62.37  571.6
S8_S4_S20_S17_S7_S15_S16_S13 2 75.58 77.57 73.58 43.55 71.51 74.19 68.82  567.8
S8_S4_S20_S17_S7_S15_S16_S13_S18 2 76.42 78.41 74.42 43.55 70.43 73.12 67.74  563.4
S8_S4_S20_S17_S7_S15_S16_S13_S18_S9 2 75.16 77.15 73.17 41.40 68.28 70.97 65.59  557.4
S8_S4_S20_S17_S7_S15_S16_S13_S18_S9_S6 2 75.16 77.15 73.17 41.40 68.28 70.97 65.59  557.4
Pathway S15_S18_S6_S11_S21:
S15 21 49.95 71.49 40.04 30.97 48.01 68.82 38.71  605
S15_S18 20 52.03 72.33 40.88 31.40 48.12 67.74 37.63  600.6
S15_S18_S6_S11_S21 20 52.45 72.75 41.30 32.47 49.19 68.82 38.71  599.8
Pathway S17_S12_S5_S3_S2_S21:
S17 20 51.91 68.97 44.23 32.90 49.46 65.59 43.01  611.9
S17_S12_S5 1 74.63 74.63 74.63 41.94 72.04 72.04 72.04  583.8
S17_S12_S5_S3_S2_S21 1 75.05 75.05 75.05 41.94 72.04 72.04 72.04  565.8
Pathway S7_S19_S9_S14:
S7 16 59.64 70.44 50.73 35.28 55.65 66.67 49.46  599.8
S7_S19 15 59.99 70.44 50.73 35.27 56.13 66.67 49.46  599.1
S7_S19_S9 15 58.73 69.18 49.48 33.12 53.98 64.52 47.31  593.1
S7_S19_S9_S14 14 60.32 70.86 51.15 33.95 57.30 67.74 50.54  584.8
Early, intermediate, and late binders:
No proteins 27 48.44 70.86 37.74 30.67 45.32 67.74 35.48  615.2
Early binders only 3 72.26 77.15 66.46 42.29 68.46 74.19 62.37  571.6
Intermediate binders only 2 77.88 79.87 75.89 42.47 69.35 72.04 66.67  575.5
Late binders only 7 65.80 71.91 62.05 38.10 63.75 69.89 60.22  582.6
Early + intermediate binders 2 77.25 79.25 75.26 42.47 69.35 72.04 66.67  547.1
Early + intermediate + late binders 1 81.13 81.13 81.13 44.09 76.34 76.34 76.34  536.2
The bottom part of the table shows the impact of early-, intermediate- and late-binding proteins considered as individual categories and also considered together.
‘Num_folds’reportsthenumberoffoldsproducedbymfoldafterthecorrespondingpathwayproteinconstraintshavebeenapplied.‘%CorrectbpsAvg’reportsthe
averagebase-pairpredictionaccuracyacrossallfoldscomparedtobasepairsinthenativestructure.‘%CorrectFullHelicesAvg.’reportstheaveragenumberofnative
helicespredictedfully(allhelixbasepairs)acrossallthecorrespondingfolds.‘%CorrectAllHelicesAvg.’reportstheaveragenumberofnativehelicespredictedfully
orpartially(sumofthetwo)acrossallthecorrespondingfolds.Ahelixisconsideredtohavebeenpredictedpartiallyifsome,butnotall,ofthebasepairsinthenative
helix structure have been predicted. Maximum and minimum values for base pair and helix prediction accuracy are also shown in the corresponding columns. The
minimum folding energy across all folds for each set of protein constraints is reported in the last column. Samples of protein constraints corresponding to binding
pathways from Figure 2 are shown. Some combinations of constraints appear to reduce the rRNA secondary-structure conformational variability more than others.
In some cases, the final conformation is restricted to a single fold, as in the case of all proteins (early-, intermediate-, late-binders combined). See text for further
discussion.
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the sequence is under selection, not just for biochemical func-
tion and protein binding, but also for not competing in altern-
ative base-pairing.
G:C-tetraloop-closing base pairs
Some positions of the 16S rRNA sequence seem more signi-
ﬁcant than others in limiting the number of possible folds, e.g.
the G:C base pairs that close tetraloops. The degradation in
prediction quality observed when these were replaced by other
canonical and non-canonical base pairs is energetically expec-
ted. This is in line with experimental observations that one of
the earliest structuralmotifsto form invitro are tetraloops with
highly stable G:C closing pairs (21).
Figure 3. Average percentage of native base pairs predicted correctly for
sequences with canonical base-pair substitutions. For each class of base-pair
substitutions,thepredictedbasepairsthatarepresentinthenativestructureare
considered correct. The average is taken across the 100 samples of each class.
Aone-factorANOVAtestshowedthatthedifferenceintheaveragepercentage
of base pairs correctly predicted is statistically significant (p < 0.05).
Figure 4. Average percentages of native base pairs predicted correctly for the
following classes of sequences: ‘native’ sequence—16S rRNA sequence of
E.coli; ‘non closing GC ! can’—E.coli 16S rRNA sequences in which 3%
of base pairs that are not G:C-tetraloop-closing base pairs are substituted
by other canonical base pairs; ‘rand 3% ! can’—E.coli 16S rRNA sequences
in which  3% of the native base pairs are substituted by other canonical base
pairs; ‘closing GC ! can’—E.coli 16S rRNA sequences in which all the G:C-
tetraloop-closing base pairs are substituted by other canonical base pairs (the
totalnumberofsubstitutionsisequivalentto 3%ofthetotalnumberofnative
base pairs); ‘closing GC ! noncan’—E.coli 16S rRNA sequences in which all
theG:C-tetraloop-closingbasepairsaresubstitutedbynon-canonicalbasepairs
(thetotalnumberofsubstitutionsisequivalentto 3%ofthenativebasepairs).
Figure 5. Average percentage of native base pairs predicted correctly for
sequences with canonical base-pair substitutions. The native sequence is the
16S rRNA sequence of E.coli; ’rand’ indicates random sequences of the same
length and base distribution as the native sequence; ’rand no bg’ indicates
random sequences of the same length as the native sequence with a uniform
base distribution.
Figure 6. Averagenumberofsecondary-structurefoldspredictedwithin5%of
the minimum free energy for sequences with canonical base-pair substitutions.
Sequence categories are the same as in Figure 5.
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When folded independently, without protein constraints, the
30 major domain exhibits the highest number of alternate
secondary structures, as compared with the other domains.
This variability, and the fact that a considerable number of
ribosomal proteins bind into the 30 major domain, is further
evidence of the structural role played by the ribosomal pro-
teins. The rRNA regions that present the most variability
necessitate extensive ribosomal protein–rRNA interactions
to attain the correct secondary structure and consequently
the correct fold.
In conclusion, while we are aware of the potential limita-
tions of considering only secondary-structure energetics,
our results suggest that both rRNA primary sequence and
constraints imposed by ribosomal proteins are critical to the
attainment of the correct fold of the rRNA.
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